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INTRODUCTION
Silica-based porous materials are used in a wide range of applications such as catalysis, separation processes, drug delivery, and so forth because of their remarkable features: large surface areas, high pore volumes, and potential for functionalization. Although industrial silica is usually produced under harsh conditions (high temperature and pressure, strongly acidic or alkaline media), nature seems to have found a better way to produce hierarchically ordered silica structures, with dimensions ranging from tens of nanometers up to hundreds of micrometers. 1 Such morphological control is hardly reached in industrially produced silica and never under mild conditions (aqueous media, ambient temperature, neutral pH). Biological systems, such as diatoms, sponges, and radiolarians, for example, form their sophisticated skeletons and shells by transferring silicic acid from marine environments and incorporating it intra-or extracellularly to produce ornate amorphous silica structures. 2 This very common but complex process, denoted as biosilicification, has attracted increasing interest in recent years, directed at capturing the mechanism of silica synthesis under such mild conditions and possibly mimicking it for the production of bioinspired silica-based materials.
3 S e v e r a lp h e n o m e n o l o g i c a lm o d e l sh a v eb e e n proposed in order to explain experimental observations, but a complete understanding of the synthesis mechanisms at the molecular level is still lacking. Such knowledge is essential to providing further control over the properties of the solids and enabling the targeted design of bioinspired mesoporous silica materials.
In previous studies, specific polypeptides and proteins called silaffins 4, 5 and silicateins 6 have been extracted from diatoms and sponges, respectively. Furthermore, long-chain polyamines have been discovered in both species, but more interestingly, polyamines are the only type of biomolecules found in a particular order of diatoms called Coscinodiscus, 7 which exhibit hexagonal arrays that are reminiscent of the cylindrical pore structures observed in periodic mesoporous silicas. 8 Here we will focus our attention on the role of polyamines as templates for silica precipitation.
To our knowledge, the first attempt to rationalize the honeycomb-like structure observed in diatoms belonging to the genus of Coscinodiscus was in 2002 when Sumper 7 proposed a mechanistic model based on repeating phase separation processes in which emulsions of microdroplets containing polyamines are gradually reduced to aggregates of lower size (i.e., nanodroplets and micelles) while arranging in a hexagonal fashion. Silica is speculated to precipitate at the interface, where the droplets are in contact with an aqueous environment rich in silicic acid, causing their breakage into smaller units due to polyamine coprecipitation. The process keeps repeating until the complete depletion of amine sources, causing phase separation to stop. Even though this model is able to qualitatively explain patterns and structures observed in nature, alternative models have been proposed in this context. In fact, just a few years later, in 2005, Vrieling et al. 9 suggested that the largest aggregates are not formed at the beginning of the process but toward the end. In Vrieling's model, it is the presence of silaffins and polyamines that is considered to cause silica to form aggregates of increasing size. This example illustrates the many uncertainties that still need to be clarified to fully understand biosilicification, particularly concerning the role played by polyamine surfactants, silicic acid, ions, and their reciprocal interactions at the molecular level.
As well as studying the morphogenesis of cell walls and structures observed in marine organisms, scientists have also looked at biosilicification as an inspiring process for mimicking the production of porous materials in a more efficient way. One of the first examples of a biomimetic templating approach applied to the design of porous silica materials was reported by Tanev and Pinnavaia. 10 Diamines with variable-length alkyl chains (from 8 to 12 carbons) were used as templating agents for silica precipitation from tetraethyl orthosilicate (TEOS) aqueous solutions. Synthesis occurs at ambient temperature, and the product obtained, denoted as MSU-V, shows a hierarchical multilamellar structure. This structure is proposed to arise from interpenetrating vesicles of elliptical shape containing densely packed diamine surfactants (sizes range from 300 to 600 nm when C12 surfactants are used 11 ), alternated with layers consisting of water and silica species. Silica pillars run perpendicular to these layers and connect the inorganic (silica) regions while affording morphologies that resemble biomineralization. Tanev and Pinnavaia 10 postulated a cooperative mechanism of formation for these materials based on a hydrophilic−hydrophobic balance and hydrogen-bonding interactions between neutral diamines and neutral silica species in solution. According to their hypothesis, hydrophilic− hydrophobic interactions are responsible for the formation of lamellar aggregates and the consequent curvature of the interface that leads to the formation of vesicles. Hydrogen bonds between silicates and surfactant headgroups participate in this process while promoting silica oligomer growth in both horizontal (layers) and vertical (pillars) directions as a result of the transfer of some silicates across the vesicular interface. To our knowledge, no further studies, theoretical or experimental, have attempted to validate or disprove this proposed mechanism.
In the context of templated mesoporous materials synthesis, simulation techniques have proven to be a powerful tool to complement experimental studies in the investigation of formation mechanisms, often providing the link between microscopic phenomena and macroscopic observations. 12 One avenue, pioneered by Siperstein and Gubbins 13 and later extended by Monson and co-workers, 14 makes use of coarsegrained lattice models. These were able to clarify many aspects of the synthesis mechanism of mesoporous silica but rely on several simplifying assumptions regarding interactions between molecules in the synthesis solution. In more recent years, the increase in computer capabilities allowed for more detailed atomistic simulations in which all of the species taking part in the synthesis process are modeled explicitly. Jorge and coworkers 15−17 performed large molecular dynamics simulations of n-decyltrimethylammonium bromide (DeTAB) surfactants in the absence and presence of silica monomers and oligomers in order to study the self-assembly process that leads to the formation of periodic mesoporous silica materials. It was found that the strong interactions between surfactant headgroups and silicates are responsible for the adsorption of these species at the interface and the subsequent micellar growth while promoting reciprocal interactions among these aggregates. 16, 17 Computer resources are the bottleneck in atomistic modeling; therefore, to be able to obtain a representative picture of this system at later stages of synthesis, the same group developed a coarse-grained approach based on the MARTINI model, 18, 19 which demonstrated that the driving force for the sphere-to-rod transition in periodic mesoporous silica (PMS) materials synthesis is the presence of anionic silicates, 20 and that oligomers are necessary to induce micellar aggregation and the cooperative formation of hexagonally ordered silica materials. 21 In the present work, the formation mechanism of bioinspired silica materials is investigated at the molecular level by means of atomistic molecular dynamics simulations. This technique is applied to study the precursor solution of MSU-V materials, 10, 11 with an approach similar to that used previously to study the synthesis of MCM-type materials 17 in order to provide a detailed analysis of the interactions between silicates and surfactants. We present results from simulations at different concentrations and pH showing that neutral and singly charged polyamine surfactants form ordered lamellar phases, whereas doubly charged surfactants on their own do not produce similar aggregates. In the last part of our work, we added silicic acid monomers to the system, showing how they interact with polyamine molecular aggregates and influence their structure. The article is organized as follows: in section 2, we describe the computational methods and system preparation; the reference solution (without silica) is described in sections 3.1 and 3.2; and the monomeric solution is discussed in section 3.3.I n section 3.4, we describe the results from simulations at the pH representing conditions close to those used experimentally, and finally in section 4, we present our conclusions.
COMPUTATIONAL METHODS
To investigate the formation mechanism of bioinspired silica materials, we considered a solution of 1,12-diaminododecane (DADD) and a monomeric silica source at several pH values. Our experimental benchmark is the work of Tanev and Pinnavaia 10, 11 which describes the synthesis of MSU-V materials with a relatively simple biomimetic approach. Their reacting mixture is composed of a solution of DADD in ethanol and water to which TEOS is added in the proportion 0.26 DADD/13.1 ethanol/50.8 water/1 TEOS. In our MD simulations, we have chosen to study a simplified system for computational expediency. First, we neglect ethanol and replace it with water because we do not expect it to play an important role during structure formation. We also use a lower silica to amine ratio (1:1 or 2:1 instead of approximately 4:1) to facilitate comparison between different solutions on a equal basis, as explained in more detail later.
Three main types of simulations were performed: (a) the reference solution, containing only DADD and water (sections 3.1 and 3.2); (b) the monomeric solution, which also included silica monomers to represent the early stage of formation of MSU-V materials (section 3.3); and (c) a system representing conditions close to those in the experiment (section 3.4). Most simulations started from a random distribution of all species in the simulation box, but for several cases, we also performed simulations starting from preformed surfactant layers. The idea was to establish whether the layer represents the real equilibrium structure for the system under evaluation. In molecular dynamics, the equilibrium state is normally approached starting from random configurations; however, some systems might be affected by very slow dynamics, and reaching this equilibrium might be computationally very expensive. To overcome this problem, one can think of also approaching equilibrium from the opposite side, e.g. starting the simulation from a highly ordered state and following its evolution. If the preformed states do not correspond to equilibrium structures, then they should start collapsing quite rapidly and eventually become homogeneously dispersed in the system. However, if they are stable aggregates, then they will undergo only small internal rearrangements. Details about the entire set of simulations performed, including length, number of molecules, and final box size, can be found in Tables  1 and 2 . The first letter of the simulation name refers to how the system was created: R indicates that all of the molecules were randomly placed in the box at the start of the run, and P designates a simulation in which preformed layers of surfactants were used as the initial configuration. This letter is followed by a running number for each type of system analyzed. Then the type of surfactant used is provided, with DADDn used for neutral diaminododecane molecules, DADDs used for singly charged, and DADDd used for doubly charged. Finally, Si is added for simulations containing silica monomers. Input files of all of the simulations performed in this article are openly available though the Strathclyde data repository (DOI: 10.15129/ f596b3b0-5285-46d2-8939-8a50aed20701).
The reference system was investigated first by considering the effect of an increase in concentration of neutral polyamine molecules in water (section 3.1). It should be noted that the ratio of surfactants to water species used to represent each concentration has been determined so that when the system reaches its equilibrium state the final box size is kept constant at approximately 5.2 nm in each direction. (See Table 1 for the details of each simulation run.) Next, the effect of a change in pH on this same system was investigated (section 3.2), and in order to establish a direct comparison with the previous set of simulations, only the concentration that produced a complete layer of neutral surfactants was used (simulation R2-DADDn). Once again, the number of water molecules was adjusted so that the final box size was kept approximately constant at equilibrium while the overall neutrality of the system was achieved by adding bromide counterions. The relative proportion of different surfactant species in the system was determined by considering specificp H conditions. Wang et al. 22 found that nonionic DADD molecules are present at high pH (above 11), singly charged DADD is present at pH between 8 and 11, and doubly charged species are found at pH lower than 8. Ohtaki and Maeda 23 determined the dissociation constants of several protonated diamines, among which is 1,12-diaminododecane, using potentiometric methods. These dissociation constants were used to obtain the titration curve for this system ( Figure S1 in Supporting Information) through the utility CurTiPot. 24 In agreement with the results of Wang et al., 22 the titration curve indicates that the fully charged and neutral species are dominant at the two extremes of the pH range, circum-neutral and high pH, respectively, whereas in the range of intermediate pH all three species are present in the approximate ratio of 50% for DADDs and 25% for both DADDn and DADDd.
The preformed layer structures used as starting configurations in the stability tests were created with the procedure described here. First, a layer containing surfactant molecules was made using Packmol software; 25 this allows us to build initial configurations such as lamellar, vesicles, and other ordered systems simply by placing molecules in the simulation box according to specific geometrical constraints. The size of the simulation box was chosen considering the equilibrium box size for the system obtained from corresponding random simulations. Then, the system containing only the preformed layer was relaxed, and other species, such as counterions and silica, were added and the system was solvated using a pre-equilibrated box of water as a source. In the last part of our work, we analyzed the influence of the addition of anionic silica to preformed surfactant aggregates at different pH. The initial configurations were created with the procedure described above for the stability tests with the only difference that Si(OH) 3 O − monomers were added instead of bromide counterions. It should be noted that when neutral surfactants are used, positive counterions need to be added to the system in order to balance the negative charge of the anionic silica species. Tetramethylammonium (TMA) ions are used for this purpose because we do not expect them to play an important role in the aggregation process. 15 The titration curve in Figure S2 was obtained in the same way as before but by including the pK a for silicic acid, 26 and it shows that silica monomers are mostly in their neutral form at pH below 8 while at high pH they become anionic.
All of the simulations were performed using the GROMACS 4.6 package. 27 For all of the concentrations and pH values studied, production runs were performed in the NpT ensemble by keeping the temperature constant at 298.15 K with the Nose−Hoover thermostat 28 and the pressure fixed at 1 bar by employing the Parrinello− Rahman barostat. 29 The equations of motion were integrated using the leapfrog algorithm 30 with a time step of 2 fs. The actual production simulations were preceded by an energy minimization step as well as two short equilibration simulations, first in the NVT and then in the NpT ensemble, the length of which depends on the time needed to equilibrate the system density. The simulation boxes were always cubic with periodic boundary conditions applied in the x, y, and z directions.
Water molecules were modeled using the SPC/E (extended simple point charge) potential, 31 a rigid three-site model widely used in MD simulations. Point charges are located on both the oxygen (Ow) and the two hydrogens (Hw), whereas only the oxygen atom has LennardJones parameters. DADD surfactants are called bolaamphiphiles or two-headed amphiphiles. This term is used to describe molecules consisting of two headgroups separated by a long hydrocarbon chain. 32 To be more precise, a single DADD molecule contains, depending on the protonation state, 42 (DADDn, neutral surfactant), 43 (DADDs, singly charged surfactant), or 44 (DADDd, doubly charged surfactant) sites. A representation of the three surfactants used is provided in Figure 1 : the amino group differentiates neutral surfactants from singly and doubly charged species.
Label Hn represents hydrogen atoms belonging to amino groups, with N indicating a nitrogen and Cn indicating a carbon bonded to it. The hydrogens on Cn atoms are referred as Hcn, and those on carbons C in the hydrocarbon chain are called Hc. When the surfactant heads are charged, the hydrogen atoms in the amino groups take the name Hnc; the nitrogens are indicated by Nc and the carbons bonded to them are indicated by Cnc. The OPLS (optimized potentials for liquid simulations) all-atom (AA) force field 33,34 is used to describe surfactants and counterions, such as bromide and TMA. This was validated against experimental properties, such as the liquid density and enthalpy of vaporization, by Caleman et al. 35 for several compounds, among which are simple amines. Parameters used for the neutral and anion silicic acid are taken from the work of Jorge et al. 17 Four different types of atoms are used to describe a molecule of Si(OH) 3 O − : the silicon atom (SiI), the oxygen atom belonging to the hydroxyl group (OhI), the hydrogen atom belonging to the hydroxyl group (HoI), and the charged oxygen atom (Oc). The potential energy function is represented as the sum of angle bending, dihedral torsion, Lennard-Jones interactions, and the Coulomb electrostatic term. Nonbonded interactions are calculated only for atoms that are separated by three or more bonds, and the 1−4 interactions are scaled down by a factor of 0.5. Bond lengths were constrained by applying the LINCS algorithm; 36 a cutoff of 1.2 nm was applied to short-range dispersion interactions and the same distance for the particle-mesh Ewald method (PME) 37, 38 to take into account the long-range Coulomb electrostatics. Finally, a long-range dispersion correction term was added to both energy and pressure. Details of the entire set of parameters used can be found in Tables S1−S4 of the Supporting Information.
One of our objectives is to analyze the development of the surfactant aggregation process, with and without silica, in order to gain better insight into the role played by the latter. This means monitoring the evolution of the system over time and calculating characteristic properties such as the number of clusters and the average cluster size as well as the distribution of surfactant aggregates. For this purpose, an adaptation of the Hoshen−Kopelman cluster-counting algorithm 39 was used to analyze sampled trajectories. Two DADD molecules were considered to belong to the same cluster if the distance between at least one of the three central atoms (one carbon C and two hydrogens Hc) was less than 0.65 nm. We tested different criteria (for example, six central atoms instead of three) and values for the limiting distance between carbon/hydrogen atoms by visually inspecting distinct time frames of the system. The final value chosen provides the correct cluster size distribution for all types of surfactant molecules and is close to the position of the first minimum in the radial distribution function (RDF) between aliphatic hydrogen and carbon atoms (not shown here). The equation used to compute the number-average cluster size for clusters larger than four molecules is
where n indicates the size of the clusters and M n is the concentration of clusters with n molecules. For the simulations that produced layers, we calculated the interfacial tension to obtain an indication of the system tendency to evolve from layerlike structures into aggregates with higher interfacial areas, e.g., vesicles. This was done via the virial route 40, 41 by calculating the pressure tensor using the utility g_energy in GROMACS 27 and averaging the values over the last 15 ns of the production run. It should be noted that each value must be divided by the number of surfaces, 2 in this case. Finally, all of the images presented were produced using VMD software. 42 
RESULTS AND DISCUSSION
3.1. Reference Solution: Effect of Concentration. Understanding the process of formation of bioinspired mesoporous silica materials is the main objective of this work. However, to clearly assess the role played by both surfactants and silica species in the synthesis, we first need to examine in detail the self-assembly process of the polyamine molecules in the absence of silicates and under different concentration and pH conditions because it has not yet been addressed in the literature. Figure 2 shows the equilibrium configurations obtained in the reference solution for an increasing concentration of neutral surfactant molecules (Table 1) . We observe that highly ordered lamellar aggregates are formed only for the two intermediate values of concentration, 1.65 and 2.39 mol/L (at the lower concentration, the aggregate formed appears to be a frustrated layer resulting from the finite size of the simulation box). Both layers appear to be completely dry and are composed, respectively, of 136 and 189 amine molecules. It is interesting to observe that when the number of surfactants is increased from 140 (R2-DADDn) to 193 (R3-DADDn) they tend to pack by maximizing the number of molecules that can be accommodated in a single layer. In a cubic box, this corresponds to a transition from a horizontal layer to a diagonal layer; in both cases, however, we observe a small number of dispersed monomers in equilibrium. When the number of surfactants is further increased to 277 (R4-DADDn), we would expect that the reciprocal interactions between aggregates would become more important and the system would evolve toward more ordered configurations. 43 However, what we observe is the formation of a less organized bicontinuous phase made of three incomplete tilted layers intersecting each other. One possibility is that the size and the shape of the simulation box might not allow us to observe the creation of a bilayer phase. This possibility can, however, be excluded because simulations of preformed bilayer systems (P1-DADDn) show that these aggregates remain stable in water (details in Figures S3 and S4 of the Supporting Information). A more likely possibility is that the bicontinuous phase observed in R4-DADDn could just represent an intermediate structure and the process leading to the creation of an ordered arrangement occurs too slowly for our atomistic simulations.
In Figure S5 , we compare the evolution of the numberaverage cluster size over time for the systems represented in Figure 2 . It should be noted that both equilibration steps (NVT and NpT) that preceded each MD production run are included in the cluster counting analysis; therefore, the total length of the simulation is slightly different from what is reported in Table 1 . For what concerns the lower concentration (R1-DADDn), we note that the aggregation process occurs through three successive steps, each representing the fusion of two smaller clusters. In agreement with what we just discussed, we observe that the initial aggregation process is substantially faster when the number of surfactants is doubled (from R1-DADDn to R2-DADDn), and the system starts approaching the equilibrium value very quickly. This represents, in the case of R2-DADDn and R3-DADDn, the number of molecules that can be accommodated in a stable layer. Although increasing the concentration speeds up the initial aggregation process, the system requires more time to reach a fully ordered state, as in the case of the bicontinuous system (R4-DADDn).
3.2. Reference Solution: Effect of pH. Once the influence of the concentration on the aggregation process of DADD surfactants was understood, the effect of pH (i.e., the charged state of the surfactant molecules) on the structure and types of aggregates formed was studied. This is a very important aspect because the hydrophobic/hydrophilic character of the surfactant molecules and therefore their interactions with silicate species will depend on their charged state. We focus on the surfactant concentration that potentially leads to the formation of single horizontal layers (approximately 1.6 mol/L, cf. Table 1 ). Figure 3 shows the final configurations obtained, in the case of neutral surfactants, starting from a preformed layer (a) and from an initially random system (b). The two layers are practically identical as shown by looking at the density profiles across the box (Figure 3c ). The central part of the layer is occupied by the hydrocarbon chains, which in turn create, as a result of their strong hydrophobic character, a water depletion region. The neutral heads are localized at the interface with water where they establish favorable hydrophilic interactions. In Figure S6 , a comparison between the number of clusters and the number-average cluster size calculated for the two systems demonstrates that they both evolve toward the same final equilibrium values. It is worth noting that the number-average cluster size computed for the preformed system is essentially constant, implying that the layer does not undergo any major rearrangement. This confirms that DADD neutral surfactants form stable layer structures in water.
In Figure 4 , we show the results of simulations with singly charged surfactants, comparing the final configurations obtained starting from preformed layers (a) and from random configurations (b). Although the random system did not produce a complete layer, we observed the formation of large ordered structures after approximately 5 ns (Figure 4b ). These separate blocks are likely to merge to form a layer similar to the one we observed in the neutral system. Time limitations might not allow us to obtain the equilibrium structures, but our simulations with preformed layers can help identify possible stable states for this system. We found that a layer of DADDs surfactant contains 141 molecules (5 more than a layer of neutral surfactants) in approximately the same size box ( Figure  4a ). More information about the singly charged system can also be extracted by looking at the evolution of the number of clusters and the number-average cluster size in Figure S7 . The trajectory of the random simulation (R5-DADDs) was analyzed and compared to the one produced using the preformed layer for the same concentration of surfactants (P3-DADDs). The first trajectory seems to approach but does not really reach the final equilibrium value of 141 molecules packed in the layer. The aggregation process takes place by successive fusion steps similar to what we observed in the neutral system for the lowest concentration. The larger these aggregates are, the more stable they become and therefore the longer it takes for them to merge into larger structures. This behavior is also reflected in the evolution of the total number of clusters: it rapidly decreases at the very beginning of the simulation and then, after approximately 5 ns, essentially oscillates at very low numbers (mainly between four and two) because of molecules that temporarily leave the two major aggregates. It is thus reasonable to expect to see a complete layer form after a long simulation time, and this is supported by the fact that the preformed layer is very stable in water during a long MD trajectory.
A detail of the final configuration obtained for P3-DADDs is provided in Figure 4a . Here a different color code has been used to distinguish between charged and neutral heads (blue and purple, respectively). The two types of heads appear to be alternating in the lamellar structure, with the charged groups in close contact with the bromide ions while the neutral heads are located slightly below the interface with water. This arrangement produces the minimum repulsion interactions between the charged headgroups and, at the same time, makes the layer more compact so that more surfactant molecules can fit inside it. Another interesting feature is that the DADDs molecules inside the layer seem to have a straighter conformation in comparison to the neutral DADD molecules, which appear to be slightly tilted in Figure 3 . This change in conformation could be related to the surface tension and will be discussed later. Figure 4c compares neutral and singly charged layer density profiles. In both layers, the hydrocarbon chains are located in the central part of the layer, producing a dry region. The shape of the singly charged profile is, however, slightly different compared to its counterpart in the neutral system: the peak appears to be narrower and the tails of the distribution extend further than in the neutral system. This is due to the alternating arrangement of surfactant heads in the layer, causing the neutral heads to slide toward the middle part of the layer while the charged ones prefer to stay at the interface. It is also worth noting that the peak corresponding to the head density distribution for the DADDn system is located at the midpoint between neutral and charged head profiles belonging to the DADDs system. The interface itself is in general more structured in the latter system because of the presence of bromide counterions. Bromide peaks essentially overlap with the charged head peaks, causing the water layer to move back (in comparison to the neutral system) while increasing the depletion region around the hydrocarbon chain.
In Figure S9 , we analyze RDFs between different regions to gain more insight into the structures resulting from DADDs surfactant aggregation. Both charged and neutral heads (solid lines) exhibit stronger interactions with water in the incomplete layer, and as we would expect, the magnitude of these interactions is higher for positively charged nitrogens ( Figure  S9a,b) . On the other hand, the increase in order and compactness in the complete layer favors the interactions between nitrogens and bromide ions as well as among headgroups ( Figure S9c,d) . All of the RDFs calculated between headgroups show a main peak located at approximately 0.5 nm with a very similar magnitude of interaction, confirming the regular alternating arrangement of surfactant molecules in the layer we described by visual inspection of the final snapshots. Figure 5 shows the equilibrium configuration obtained with a preformed layer of doubly charged surfactant molecules (P4-DADDd, a) and with random initial configurations (R6-DADDd,b). The final results appear to be very similar: the preformed layer starts breaking apart very quickly, and it is practically entirely destroyed after the first 5 ns of simulation time, as shown in Figure S8 , while the random system produced only small aggregates. This is due to the stronger repulsion between surfactant headgroups in this system, which tends to favor interactions with water. The high solubility of DADDd molecules results in a much lower value of the number-average cluster size and no evidence of the formation of lamellar structures. Interestingly, the same behavior was also found for a layer built with a lower concentration of surfactants (see the results for simulation P5-DADDd) where a weaker repulsion between heads is expected.
We observe these small aggregates to be quite disordered, only loosely resembling spherical micelles commonly formed with single-head surfactants. 15 It is also interesting that all the simulations performed, with three different concentrations of doubly charged surfactants and starting from either random or preformed layers, converge to a similar value for the numberaverage cluster size as displayed in Table 3 . The RDFs in Figure  S10 help explain why, in contrast to the neutral and singly charged systems, it was not possible to produce a stable layer of DADDd molecules. The interactions between charged heads and bromide ions are weaker in the doubly charged system than in the DADDs system ( Figure S10c ). At the same time, we note that the interaction of the charged group with water is comparable in the two systems. These observations suggest that the lack of order in the system lowers the peak of the headbromide RDFs.
The head-to-head repulsion plays a crucial role in determining equilibrium in these systems. 32 The aggregation of two-headed amphiphiles depends, in fact, on three contributions: the attraction between the hydrocarbon chains, the hydrophobic interactions of these chains with water at the interface, and the repulsions between polar heads. The first two terms both favor the formation of large aggregates as a result of the dispersive attractions between hydrophobic groups and the tendency to minimize the interface with water. On the other hand, the last contribution limits the size of these aggregates due to the repulsion between polar heads, which becomes greater with their increasing proximity. For neutral heads, this term is small compared to the other two. In DADDs, it is minimized through the alternating arrangement observed in Figure 4a . In DADDd, however, it dominates the other two terms, leading to layer breakup and the formation of small disordered clusters (Figure 5c ). Figure S10d confirms that for this system the interaction between charged heads is indeed strongly repulsive.
Further support for these observations is given by the energies of interaction calculated for the three preformed systems {P2-DADDn (neutral), P3-DADDs (singly charged), and P4-DADDd (doubly charged)}, as summarized in Table  S5 . Coulombic and Lennard-Jones contributions to the total energy are compared in the three systems for three types of interactions: surfactant−surfactant, surfactant−water, and surfactant−bromide. It is worth noting that the values obtained using the utility g_energy have been normalized by the number of surfactant molecules or bromide ions in each system in order to perform a comparison on a equal basis. The first thing to notice is that the total surfactant−surfactant interaction energy is, as expected, attractive in the case of neutral and singly charged surfactants but repulsive in the case of doubly charged surfactants. In all three systems, the Coulombic contribution to the total energy is repulsive and its magnitude increases with increasing charge of the surfactants; however, dispersion interactions more than compensate for this in P2-DADDn and P3-DADDs but not in P4-DADDd (details in Table S5 ). These results are consistent with the first two systems forming lamellar aggregates, whereas the third one forms only small clusters.
So far, each of our simulations has considered only a single type of surfactant for simplicity. In reality, as will be further 11 we have estimated this to be 9.5 on the basis of the starting composition of the mixture. As such, to more closely model the experimental scenario, we have decided to run simulations at a pH of 10.6, which is slightly higher than the experimental value but more convenient from a modeling point of view because DADDn and DADDd surfactants are present in equal proportions so that they can balance each other. The reference system was studied starting from a random dispersion of surfactants (R7-EXP-reference) or from a preformed layer (P9-EXP-reference). The latter was built by packing DADDn, DADDs, and DADDd molecules, according to the proportion reported in Table 2 , in a layer geometry without any preferred distribution, so their lateral arrangements were as arbitrary as possible. Figure 6 shows the final configurations obtained in these simulations. The first thing we notice is that, because of slow dynamics, the random system (Figure 6a ) did not produce a complete layer after 100 ns. However, as can be seen in Figure  6c , all three types of surfactants are incorporated in growing layerlike aggregates. These seem to be positioned without any specific preference inside the structures formed because we do not observe any domains where one type of surfactant remains separate from the others.
Furthermore, it appears that these aggregates might merge together to form a single layer for longer simulation times. This hypothesis was tested using the preformed layer simulation, and the result is shown in Figure 6b . The preformed layer keeps its integrity, validating the hypothesis that the distinct aggregates observed previously will eventually merge together. We also notice that the interface is no longer perfectly flat but exhibits a quite pronounced undulation. The reasons for this wavy interface will be discussed in the next section.
3.3. Monomeric Solution. In this section, we discuss the results obtained from the addition of anionic silica to preformed surfactant layers at different pH values ( Table 1) .
The first thing we notice by looking at Figure 7 is that the addition of silica anions appears to keep the layers intact when neutral (a) or singly charged (c) surfactants are used, whereas for the system with doubly charged surfactants (e) the presence of silica species does not enhance any structural organization.
With regard to this last system, typical clusters produced in the reference system and in the monomeric solution are compared in Figure 8 . An analysis of these aggregates, both by visual inspection and using the cluster-counting algorithm, reveals that they are very similar in size (from 7 up to 13 DADDd molecules in each cluster) and are surrounded by a comparable number of ions. When we look at the density profiles ( Figure  8b,d ) measured from the cluster center of mass (COM), we notice that they present very little order and only vaguely resemble micelle density profiles. In fact, the core of the clusters contain the hydrophobic chains of the molecules but also a few water molecules and ions, both in the reference system and in the monomeric solution. Moreover, we notice that the peak representing the heads of the surfactants is located at the interface with water but is quite broad as a result of the disordered nature of these aggregates.
Concerning the system containing neutral surfactants, when silica species are added the layer remains intact and the monomers are homogeneously dispersed in the bulk solution (Figure 7a) . In Figure 9a , we compare the density profiles of this system in the reference solution (solid line) and in the monomeric solution (dashed line). The lamellar layers of surfactants are practically identical in both systems, proving that no major structural changes have occurred. Looking at the area immediately around the layer, past the neutral heads, we notice, in the case of the monomeric solution, a region of approximately 0.5 nm in size where mostly water molecules are present, indicating the presence of a wet layer around the surfactants. Finally, TMA and silica monomers are found homogeneously dispersed in the bulk of the solution, reducing the overall density of water in comparison to that in the neutral system. These results suggest a stronger interaction between silica monomers and water rather than with the surfactants. This behavior is confirmed by looking at the RDFs for the system in Figure S11 . Clearly, the peak representing the interactions between the TMA nitrogens and the silicon atoms is the predominant one, located at approximately 0.55 nm, whereas the peak relative to the interactions between surfactant nitrogens and silica is very low in comparison ( Figure S11a ). This is caused by the comparatively strong electrostatic interaction between positively charged TMA molecules and anionic silica monomers. The second thing we notice is the location of the different peaks representing the interaction between surfactant nitrogens and oxygen atoms in water (Ow) and in silica (OhI is the oxygen belonging to the hydroxyl group and Oc is the charged oxygen), as shown in Figure S11b . The N-Ow peak is quite strong and occurs at a short distance, characteristic of hydrogen bond interactions. Conversely, there is practically no interaction between N and the charged oxygen of silica. The N-OhI peak is also very small (below 1) and probably caused by the few DADDn molecules dispersed in the bulk solution. These results provide additional evidence for the presence of the wet layer and suggest that hydrogen bonding interactions between the surfactant amino group and silica monomers are at best quite weak and therefore not sufficient to promote silicates to adsorb and then condense around these lamellar templates (Figure 7a) .
Finally, in the system containing singly charged surfactants, contrary to the previously discussed case, silica monomers strongly interact with the surfactant headgroups, resulting in their adsorption at the interface (Figure 7c ). If we look at the density profiles across the box (Figure 9b ), we also notice that the presence of silica dries the interface in comparison to the reference system. This seems to be in qualitative agreement with the mechanism postulated experimentally for the formation of this class of materials. 11 However, given the charged nature of all of the species in our system, charge matching, rather than hydrogen bond interactions, appears to be responsible for the creation of the silica layer at the interface with DADDs surfactants.
To elucidate this point further, it is worth looking at the energies of interactions calculated for P6-DADDn, P7-DADDs, and P8-DADDd in Table S6 . Here, Coulombic and LennardJones contributions are shown for surfactant−surfactant, surfactant−water, and surfactant−silica interactions, with the appropriate normalization (number of surfactant or silica molecules) to allow direct comparison on a equal basis. The surfactant−surfactant interaction energies have the same trend as in the reference system: dispersion interactions more than compensate for the repulsive Coulombic interactions only in the systems that produced stable layers (i.e., P6-DADDn and P7-DADDs). The surfactant−silica interactions also show an interesting trend. In the neutral system, this energy is only moderately attractive because most of the silica monomers remain dispersed in the simulation box, favoring instead the interaction with water molecules. On the contrary, silica monomers strongly interact with surfactants in both singly and doubly charged systems (the surfactant−silica energy is −312.79 and −322.33 kJ/mol, respectively); however, in the first case, this interaction is with lamellar structures (surfactant−surfactant energy = −3.48 kJ/mol), and in the second case, it is with small clusters of surfactants (surfactant− surfactant energy = 90.87 kJ/mol). This further confirms the qualitative results discussed above.
3.4. Simulations at pH Close to Experiment. The simulations discussed in the previous section strongly suggest that the mechanism postulated for the formation of MSU-V materials can take place only when singly charged surfactants and anionic silicates are available in the system to establish favorable electrostatic interactions while keeping to a minimum the repulsion between charged heads.
In this section, we present results from simulations performed at an intermediate pH of 10.6, slightly higher than the estimated experimental pH, and considering a 2:1 ratio of silica monomers to surfactants (details in Table 2 ); i.e., each surfactant head can theoretically interact on average with one silicate. The reference system has already been presented in section 3.2 and will be used for comparison with the monomeric solution under the same set of conditions. As in the reference system, a preformed layer containing all the three types of surfactants but with no particular lateral arrangement was used as the initial configuration. All of the simulations were performed using the same parameters as described in section 2.
Because of the limited size of our atomistic simulations, only layers have been observed to form. However, multilamellar vesicles are expected to form in larger systems. 11 To analyze this possibility, we report an interesting feature that was observed during our analysis. We noticed that the orientation of the DADD molecules in the layers and the degree of undulation of the layer changed with the presence of silica (e.g., compare Figure 7a ,b). These differences are believed to be related to the interfacial tension in the system. In Table 4 , we report the values of the interfacial tension calculated for the simulations that produced a complete layer.
The value of the interfacial tension assumes negative values in the systems containing silica species but also in the reference system when all three types of surfactants are present. This might appear to be an unphysical result; however, experimental 44 and computational 45, 46 studies suggest that negative interfacial tension is an indication of an unstable surface. Therefore, the interfacial area will tend to increase, either by a change in the surface curvature or by mixing. The first possibility could be an indication that the system wants to evolve toward the formation of vesicles. The size and length of our simulations does not allow us to provide a conclusive answer to this question, and a more complete picture can be achieved using only coarse-grained molecular dynamics.
Looking at Figure 10a we notice that, similar to what was observed for the reference system, the preformed layer keeps its integrity while producing a very distinctive curvature. This observation seems to be in agreement with our surface tension calculations (Table 4) , providing another indication that the system wants to evolve toward the creation of lamellar vesicles around which silicates precipitate. Another thing to notice is that the layer presents a hole as can be clearly seen in Figure 10c , where a top view of the layer is shown. This structure is reminiscent of pore formation in biological membranes. 47 Interestingly, anionic and neutral silica monomers have been observed to spontaneously migrate into this hole (Figure 10b) . A visual inspection of the simulation trajectory reveals that, in this region, four DADDd and two DADDs molecules are located in close proximity. This corresponds to six neighboring positively charged heads on one side of the layer and four on the opposite side. Hence, this local excess of positive charges triggers the creation of the hole, making the cavity accessible to small water molecules (up to two water molecules have been observed to temporarily occupy the hole) and to silica monomers, which penetrate the layer from both sides (i.e., from the upper part and from the lower part of the layer). The presence of local defects, such as the one observed in our simulation, could help explain how the interconnecting pillars reported experimentally are created. Tanev and Pinnavaia 10 suggest that silicates can penetrate the multilamellar surfactant vesicles, initiating silica growth also in the vertical direction, so that eventually two consecutive horizontal layers become connected. Therefore, one can imagine that similar holes or defects will form across the lamellar plane with more silicates migrating inside them. These cavities will become progressively full of silica monomers that will eventually condense and remain trapped inside the template structure. Ultimately, silica polymerization inside these cavities will generate the vertical pillars that connect the horizontal layers. We must consider, however, that several defects of this type are probably needed to maintain the structural integrity of the multilamellar framework. Confirming this hypothesis is way beyond the limitations of our atomistic simulations.
CONCLUSIONS
By performing detailed molecular dynamics simulations of 1,12-diaminododecane surfactants (DADD) in water (reference system) and in the presence of silicates (monomeric solution), we have investigated the concentration and pH dependence of the aggregation process that leads to the formation of MSU-V materials. Dry lamellar structures were obtained in the system containing only neutral DADD surfactants (pH > 11) starting from random configurations as well as when preformed layers are used as inputs, indicating that these aggregates represent stable equilibrium states. When surfactants are singly charged (at pH between 8 and 11), the same types of structures are produced, as established in our simulations starting from preformed layers. However, in this case surfactant molecules adopt an alternating arrangement inside the layer that can minimize the repulsion between charged heads. This strong electrostatic repulsion is, in fact, responsible for the breakage of the preformed layers at low pH when DADD surfactants are doubly charged, generating highly disordered aggregates consisting of small clusters rather than layers.
Notably, the addition of silica monomers to the doubly charged system does not enhance structural organization or change the average cluster size. Conversely, at high pH (>11) the layer is kept intact, but silicates remain homogeneously dispersed in the solution and no significant interaction occurs between silica and surfactant. At intermediate pH values (8− 11) , on the other hand, strong electrostatic interactions are established at the layer interface between anionic silicates and surfactant heads. This suggests that these simulations represent a state that more closely resembles the synthesis conditions leading to the formation of MSU-V materials. Contrary to what was originally hypothesized, 11 our simulations show that charge-matching interactions rather than hydrogen bonds promote silica adsorption around the amine template.
Our simulations at a pH close to the experimental value show that silicate adsorption at the interface induces a considerable curvature in the layer comprising all three types of surfactants (neutral and singly and doubly charged). We hypothesize that these systems are in a temporary frustrated state and want to evolve toward the formation of aggregates with higher interfacial areas, i.e., vesicles, in agreement with the multilamellar aggregates described experimentally.
Finally, we observed that a few silicates, together with water molecules, penetrated a hole spontaneously created inside the multisurfactant layer. This observation represents direct evidence of the intercalated pillaring mechanism proposed experimentally. Our hypothesis is that the presence of a local excess of charge triggers the formation of defects that become accessible to water and silica molecules; progressively, these holes or defects are filled with silicates that will eventually condense inside the templating structure, leading to the formation of vertical pillars connected to the horizontal silica layers at the interface with water. In future work, we intend to study this system on a larger scale by applying a coarse-graining 
Force field parameters
Parameters used to model diamine surfactants, bromide and TMA ions were taken from the OPLS all-atom force field. 1,2 Water molecules were modelled using the SPC/E potential 3 and parameters for both neutral and anionic silica were taken from the work of Jorge et al. 4 (see Table S1 - Table S4 ). * To whom correspondence should be addressed Bilayer test Figure S3 and Figure S4 show the final configuration obtained for the bilayer system and the corresponding density profile (simulation P1-DADDn in Table 1 ). The initial configuration in this simulation was created using the software Packmol 8 by placing two identical layers, each containing 136 surfactants, separated by two water slabs containing 726 water molecules. The total number of water molecules is the same as that used in the simulation R4-DADDn (see Table 1 ) whereas the number of surfactants in the layer was chosen considering our results for the reference system R2-DADDn, which produced a complete horizontal layer. Furthermore, we account for the remaining surfactants in R4-DADDn (277 in total) by adding in each water slab three DADDn molecules. The simulation was performed using the same parameters described in Table 1 for 20 ns. Cluster counting calculations Figure S5 shows the evolution of the average cluster size calculated for the neutral system with different concentrations of surfactants.
8 Figure S5 : Evolution the average cluster size for simulations with different concentration of neutral surfactant, listed in Table 1 .The total number of surfactants is respectively 75 (R1-DADDn), 140 (R2-DADDn), 193 (R3-DADDn), 277 (R4-DADDn). See labels for details. Figure S11: Radial distribution functions for the system P6-DADDn-Si, see labels for details. 
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